Introduction
============

Although daily experience suggests that our body image is highly stable there is strong experimental evidence that demonstrates that in fact it is quite malleable. Synchronous tactile stimulation (tapping and stroking) on a visible rubber arm placed in front of a person and on their hidden real arm results, under certain conditions, in displacement of sensation of feeling towards -- and an illusion of ownership of -- the fake arm (Botvinick and Cohen, [@B2]). This is usually called the 'rubber hand illusion'. The experiments have been replicated several times. For example Armel and Ramachandran ([@B1]) have shown that skin conductance responses were associated with manipulations of the rubber hand that would normally cause pain. These authors also reported that participants could experience a weaker illusion for objects that may appear to be nothing like an arm -- such as a table top that was synchronously tapped with the real hand. This latter result has been called into question by Tsakiris and Haggard ([@B17]), who showed, amongst other things, that for the illusion to work at all it is required that the fake arm look like an arm, and that the rubber arm should be aligned with the orientation of the real arm (see also Pavani et al., [@B13]; Ehrsson et al., [@B8] for similar observations). There have also been results from a brain imaging study by Ehrsson et al. ([@B8]) who identified activity in specific multisensory brain areas associated with the illusion, and that this activity was greater when the rubber arm was aligned in parallel with the real one. Regarding the underlying mechanisms it has been suggested that the illusion occurs as the result of the integration and interpretation of visual, tactile and position sense (proprioceptive) signals (Botvinick and Cohen, [@B2]; Ehrsson et al., [@B8]). Neurons in multisensory areas that integrate this information could implement the necessary neuronal computations causing changes in body ownership (Ehrsson et al., [@B8], [@B7]).

In this study we show that the illusion can be produced within an immersive virtual environment (VE), and provide subjective, behavioural and physiological evidence for this. An immersive VE is one that in principle entirely replaces real sensory data by computer generated data. Participants in such an environment are also head-tracked so that the virtual scene is displayed as a function of head position and orientation. Overall, participants are likely to respond realistically to the virtual scene (Sanchez-Vives and Slater, [@B15]). In a VE the participants could have a virtual body, with additional limbs, for example, controlled by a brain-computer interface (BCI). Is it possible to make virtual limbs feel like the person\'s own? This may seem like science fiction but current experiments point strongly to these possibilities. Controlling the virtual world with BCI has been demonstrated (Pfurtscheller et al., [@B14]). Here we concentrate on ownership of a virtual limb.

Materials and Methods
=====================

Virtual reality system
----------------------

The particular virtual reality system that we used[1](#fn1){ref-type="fn"} consisted of a 2 m × 2.7 m display on which computer generated images are back-projected from two BenQ projectors. The projectors are fitted with polarising lenses, and correspondingly the participant wears glasses with polarising lenses. The computer generates both left eye and right eye images which are filtered by the polarising lenses so that passive stereo is realised. An Intersense 900 tracking system is used which has the capability for six degrees of freedom tracking (position and orientation) of two devices -- one is located on the participant\'s head and the other is for a hand-held 'Wand' device that has five buttons with which to effect interactions.

Recruitment and procedures
--------------------------

Twenty-one healthy male participants (mean age and standard deviation 22 ± 3.9 years) were recruited for the experiment by advertisement amongst students, research and administrative staff at the Instituto de Neurociencias, UMH. They were each offered 5? for their participation. Upon arrival at the laboratory they were asked to read and sign a consent form, the experiment having been carried out in accordance with the regulations of Comité Ético de Investigación del Hospital Universitario de San Juan de Alicante, Spain. Each participant stood beside a mounted shoulder-high wooden shelf (adjustable in height) and rested his right arm on the shelf. His arm was hidden from his view by a sheet of grey foam fixed to the side of the shelf. The participant wore the stereo glasses and the head-tracker mounted just above the glasses (Figure [1](#F1){ref-type="fig"}A).

![**The experimental setup**. ***(A)*** The participant wears passive stereo glasses and a head-tracker, and the virtual image is determined as a function of his head direction. The experimenter taps and strokes the participant\'s real hand with a 6-degree freedom Wand, whose position is tracked and used to determine the position of the virtual sphere. ***(B)*** The participant is standing in front of a 2 m × 2.7 m rear projection screen. The arm in the screen is seen from the participant\'s point of view as projecting out of his right shoulder, while his own arm is out of view and resting on a support. In the projection the participant also sees a sphere striking in synchrony and in the same place on the virtual hand as the touch stimuli delivered to his own hand.](fnhum-02-006-g001){#F1}

The computer program generated a stereo image of a virtual arm (Figure [1](#F1){ref-type="fig"}B). The experimenter could use the Wand device to interactively position the arm to a place that the participant reported as being correct, and also could interactively adjust the scale of the arm so that it appeared to be the right size. From the participant\'s point of view the arm appeared to project out of his right shoulder -- almost parallel to the real one. However, unlike the real arm, the virtual arm was not shown resting on a shelf, but held outwards in front with the distance between the participant\'s real hand and the virtual hand approximately 20 cm. Due to the head tracking, were the participant to sway his body from side to side, then the arm would move appearing to be attached to the person\'s body. If the participant kept his body still and just moved his head as if to look at the arm from a different position, then the arm would appear to be stationary, as it would in reality. This was achieved by fixing the arm relative to a fixed position on the neck unaffected by head rotations. The setup was, therefore, able to powerfully induce the illusion that there was an arm pointing straight ahead, which appeared to be attached to the participant\'s body in the usual way.

Prior to being fitted with the virtual reality equipment, but when already standing next to the shelf with his arm resting on it, the participant was given a piece of blue-tack in his left hand, and invited to place it under the shelf in a position corresponding to where he felt the centre of his right palm to be. Then the virtual arm was displayed and interactively positioned and scaled until the participant reported that it appeared to be correct, and then fixed in position relative to the neck. The position of the Wand device was then represented by a small virtual ball. Therefore, as the experimenter moved the Wand, the virtual sphere would move correspondingly. The experimenter stood on the other side of the shelf and the gray foam to the participant (Figure [1](#F1){ref-type="fig"}A). A soft ball had been fixed to the base of the Wand. When the experimenter touched the participant\'s real hand with this ball the virtual ball would appear to touch the virtual hand in the same position (Figure [1](#F1){ref-type="fig"}). Thus, from the point of view of the participant, he would feel his hand being tapped and stroked by the physical ball, but see a virtual ball that similarly and synchronously touched and stroked the virtual hand that was projecting out of his real body. All the lights in the room were switched off, and the only illumination was from the projection of the virtual arm itself.

The tapping and stroking continued for 5 min, with an attempt made to make the stimulation irregular and unpredictable. At the end of this period the tapping stopped, and the virtual arm slowly rotated by 90° so that the palm of the hand would become orthogonal to the ground plane (supination), and then rotated back again (pronation), the whole sequence lasting 12 s. After this, a message appeared on the screen inviting the participant to close his eyes, and again quickly place a second piece of blue-tack where he felt his right hand to be. This allowed the measurement of the 'proprioceptive drift' -- the difference between the originally felt place of the hand and the place of the hand after the experiment. In this measurement, only the horizontal displacement was taken into account, discounting displacements that could be related to feeling the arm shorter or longer. A similar approach was used by Botvinick and Cohen ([@B2]) to provide behavioural evidence for the original rubber hand illusion.

One bipolar EMG (electromyogram) channel was recorded from the right arm of each participant. Each subject was fitted with three surface electrodes, two on the supinator muscle (about 2 cm spacing) and the ground on the biceps. The voltage signal was fed on gUSBamp amplifiers (Guger Technologies, Graz, Austria) with a sampling rate of 256 Hz. The purpose of this was to measure the degree of activity in the forearm muscles throughout the period of the experiment, in order to test for differences between activity during the last 12 s when the virtual arm rotated and the earlier 5-min period when the virtual arm was still. There were 20 usable EMG recordings obtained, one recording being of poor quality.

After the conclusion of the experiment the participants were invited to complete a 9-item questionnaire. Questions were taken from Botvinick and Cohen ([@B2]), translated into Spanish. The questions were presented in a different randomised order for each participant following the method introduced by Botvinick and Cohen ([@B2]). Each question was rated by the participants using a 7-point Likert scale, with 1 meaning 'totally disagree' and 7 'totally agree'. Questions 1, 2 and 3 are supposed to indicate the illusion, and the remaining questions 4--9 are usually considered as control questions. The questions were: Sometimes I had the feeling that I was receiving the hits in the location of the virtual arm.During the experiment there were moments in which it seemed as if what I was feeling was caused by the yellow ball that I was seeing on the screen.During the experiment there were moments in which I felt as if the virtual arm was my own arm.During the experiments there were moments in which it seemed that my real arm was being displaced towards the left (towards the virtual arm).During the experiment there were moments in which it seemed that the contact that I was feeling originated in some place in between my own arm and the virtual arm.During the experiment there were moments in which I felt as if my real arm was becoming virtual.During the experiment there were moments in which it seemed (visually) that the virtual arm was being displaced towards the right (towards my real arm).During the experiment there were moments in which the virtual arm started to look like my own arm in some aspects.During the experiment there were moments in which I had the sensation of having more than one right arm.

An asynchronous condition was carried out with a different set of 20 males (mean age and standard deviation 32 ± 6.3) where the visual tapping did not correspond with the tactile tapping. The tracking data from one real session of tapping and stroking was recorded, and this was used to generate the visual tapping for all of the control condition trials. Therefore the visual tapping and stroking would look visually plausible, but would not correspond to the tactile stimulation experienced by any of the participants. The EMG was recorded at 1200 Hz, and there were 19 usable datasets.

EMG analysis
------------

The EMG analysis compared the number of *activity onsets* during the time that the virtual arm was seen as still to the time that it was rotating based on the method described by Di Fabio ([@B4]) (see a further review by Hodges and Bui, [@B9]). In this method a 50-Hz low pass filter is applied to the rectified signal and all further computations are on this rectified filtered signal. The standard deviation (σ) of a 50-ms period of the signal before activity onset is computed. Onset activity is defined as a portion of the subsequent signal that has amplitude of at least 3σ for at least 25 ms. Since this method was used to detect onset activity in conditions where the subjects were told to deliberately make a muscle contraction, our method is slightly different, since we did not know whether or not there would be any detectable activity, and in any case such activity would be likely to be involuntary (induced by observation of virtual arm rotating). Therefore we computed the standard deviation σ over the middle period of this data (100--200 s), treating the first third of the data as 'settling in' time). Then we computed the number of onsets in the last third of the signal (between 200 and 300 s), and also computed the number of onsets during the time the virtual arm was rotating. Due to the sampling frequencies that we had available, we took the period indicating an activity onset to be (1/32) seconds (31.25 ms) in the synchronous case, and (1/40) seconds (25 ms) in the asynchronous case (Varying these timings does not alter the results presented below). For example, an activity onset in the synchronous case is defined to be a portion of the signal with values at least three times the standard deviation that lasts for at least 1/32 s.

Results
=======

Our major hypothesis was that synchronous tactile stimulation of the person\'s real hand and the entirely virtual one would result in the same illusion as that which has previously been reported for the rubber hand illusion. This would be shown first by significantly higher responses for questions 1, 2 and 3 compared to questions 4--9. Second, the drift measurement of the perceived hand position should show average drift significantly higher than zero. We expected that the illusion would not be shown in the asynchronous control condition, and therefore we predicted greater illusion-question-scores and proprioceptive drift in the synchronous condition as compared to the asynchronous condition. Regarding EMG we expected that in the synchronous condition the muscle activity would be shown to be greater in the last 12 s (while the virtual arm rotated) than during the 100 s before the rotation, but that this would not be the case for the asynchronous condition. We also expected the EMG activity to be correlated with the extent of the subjective illusion in the synchronous condition.

Questionnaire ratings
---------------------

The boxplots for the questionnaire results are shown in Figure [2](#F2){ref-type="fig"}. For the synchronous condition Q1--Q3 have higher scores than the remainder. For the asynchronous condition the results for Q1--Q3 are not significantly different from the remainder, and all the scores are low.

![**Boxplots for the questionnaire responses in the two conditions**. ***(A)*** Synchronous condition. ***(B)*** Asynchronous condition. Questions 1, 2 and 3 address the illusory experience. The medians are shown as red lines, and the boxes are the interquartile ranges (IQR). The whiskers represent either the extreme data points or extend to 1.5 × IQR. If there are values outside the whiskers these are conventionally called 'outliers', and are shown by (+).](fnhum-02-006-g002){#F2}

In order to compare results across the questions within each condition we first carried out a Kruskal--Wallis non-parametric one-way analysis of variance. This tests the null hypothesis of equal medians across all of the questions. In the case of the synchronous condition this hypothesis is rejected in favour of the alternative hypothesis that not all medians are equal (*P* = 3.3 × 10^−9^). In order to compare the medians with one another we use the Tukey--Kramer multiple comparisons test, which takes account of possible correlations between the scores of the different questions. Using an overall significance level of 5% we find that (with respect to the medians) $$\begin{array}{l}
{\text{Q1} > \text{Q4, Q5, Q7, Q9}} \\
{\text{Q2} > \text{Q4, Q5, Q6, Q7, Q9}} \\
{\text{Q3} > \text{Q4, Q5, Q7, Q9}} \\
\end{array}$$ where '\>' means that the median of the variable on the left is significantly greater than all those on the right. Amongst the control questions the median of Q6 is not significantly less than that of Q1 and Q3, and the median of Q8 is not significantly less than any of Q1--Q3. We discuss this further in section Questionnaire Issues.

If we carry out the same analysis on the asynchronous questionnaire results then we find that the null hypothesis of equal medians across all questions is not rejected (*P* = 0.70).

In addition we analysed the questionnaire results very conservatively by only considering the high scores ('6' or '7') for each question as indicating the illusion, in other words transforming the 7-point questionnaire responses into a binary response ('high score' or 'not high score'). The scientific motivation for this is that we wanted to run an analysis which only takes into account people who feel a really strong illusion, making sure that our significant effects were psychologically relevant and comparable to the original rubber hand illusion which is many cases very vivid. By chance alone, the probability of a high score is 2/7. In the case of the synchronous condition the answers to questions 1, 2 and 3 have frequencies that are very much higher than would be expected by chance (14, 17 and 12 respectively out of *n* = 21, with corresponding *P*-values 0.0003, 0.0000 and 0.0057, using the binomial distribution). The remaining questions are in accord with chance (the *P*-values ranging from 0.1157 to 0.9920). In the case of the asynchronous condition the number of high responses to questions 1, 2 and 3 were 0, 1 and 3 respectively out of *n* = 20 (which are actually lower than would be expected by chance).

Finally, a comparison between the scores on the synchronous and asynchronous conditions is given in Table [1](#T1){ref-type="table"}. It can be seen for the three questions that indicate the illusion that the median scores are significantly higher for the synchronous condition compared to the asynchronous condition. However, they are also higher for Q5, Q6 and Q8 (see [Discussion](#s2){ref-type="sec"}).

###### 

**Medians and interquartile ranges of the questionnaire scores**.

                            Q1        Q2       Q3         Q4         Q5       Q6         Q7        Q8         Q9
  ------------------------- --------- -------- ---------- ---------- -------- ---------- --------- ---------- --------
  Synchronous (*n* = 21)    6 (2)     6 (1)    6 (2.25)   1 (3.25)   3 (4)    4 (3.25)   3 (3)     5 (3.25)   1 (3)
  Asynchronous (*n* = 20)   1.5 (1)   1 (1)    2 (2.5)    1 (1)      1 (1)    1 (1)      1 (1.5)   2 (3)      1 (1)
  *P*                       0.0000    0.0000   0.0002     0.2202     0.0083   0.0005     0.0893    0.0006     0.4491

*This table shows the medians and interquartile ranges (in brackets) of the questionnaire scores, and the P values indicate the results of the rank sum (Mann--Whitney U) test, which tests the hypothesis that the scores from the synchronous and asynchronous groups come from distributions with equal medians*.

Proprioceptive drift
--------------------

We observed a significant proprioceptive drift only in the synchronous condition (see below), and importantly this drift was greater than in the asynchronous control group.

For 18 of the 21 participants in the synchronous condition we have the measure of proprioceptive drift (D), which is the signed horizontal distance between their originally located hand position as referenced by the blue-tack, and the position indicated at the end of the experiment. The distance is signed as positive if it was on the side of the hand towards the virtual hand, and negative if on the other side. Higher positive drift indicates a greater recalibration of position sense by the illusion. The range of D was from −15 to 130 mm, with median 30 mm. A non-parametric sign test rejects the hypothesis that the median is zero (*P* = 0.0063). The three missing data were due to the original blue-tack falling off, or the participant not following the instructions correctly.

For the asynchronous condition D ranged from −50 to 35 mm, with median 0, and the sign test does not reject the hypothesis of 0 median. A rank sum (Mann--Whitney *U*) test rejects the hypothesis that the two sets of D values are from distributions with equal median (*P* = 0.0026). In other words the drift was greater in the synchronous condition than in the asynchronous condition.

EMG analysis {#s1}
------------

Our hypotheses regarding the EMG were that (1) the mean number of activity onsets over all participants would be greater during the time that the virtual arm was rotating compared to the time before the arm rotated. The number of activity onsets would (2) show a positive correlation with the strength of the illusion as measured by the questionnaire (specifically the mean of Q1--Q3). We expected that (1) and (2) would be true for the synchronous but not the asynchronous condition.

Let *y~it~* be the number of activity onsets (see [EMG Analysis](#s1){ref-type="sec"}) in the first *t* seconds of arm rotation for participant *i*, and *x~i~* the number in the period (*T* = 100 s) before the arm rotation for participant *i*. The variable *x~i~* is a baseline measure of the number of activity onsets for participant *i*.

Let *q*~*i*,\ mean~ be the mean response of Q1, Q2 and Q3 for participant *i*. (In what follows we drop the subscript *i* to improve readability). Since *y~t~* represents the number of occurrences of an event (the onsets) randomly distributed through time it should follow a Poisson distribution. Of interest will be the ratio of *y~t~*/*t* to *x*/*T*, and how this ratio varies with *q*~mean~. We can carry out a standard log-linear regression of *y~t~*/*x* on *q*~mean~ as the explanatory variable of interest.

The regression model is: $$\log\left( \frac{E(y_{t})/t}{x/T} \right) = \beta_{0} + \beta_{1}q_{\text{mean}}$$ or $$\log\left( {E(y_{t})} \right) = \log\left( \frac{x \cdot t}{T} \right) + \beta_{0} + \beta_{1}q_{\text{mean}}$$

This is a log-linear model, a special case of a generalized linear model with a Poisson distribution, log link function, and offset log(*x *· *t*/*T*), where *y~t~* has a Poisson distribution with expected value *E*(*y~t~*) (McCullagh and Nelder, [@B12]). In our model fitting procedure we relax the strict requirement that *y~t~* has a Poisson distribution and allow for over-dispersion (Breslow, [@B3]).

Our hypotheses can be stated in terms of this model as (1) β~0~ \> 0 and (2) β~1~ \> 0 where the null hypotheses are that β~*j*~ = 0 (*j* = 0, 1). The null hypothesis for (1) is not rejected, and the null hypothesis for (2) is rejected. The latter result suggests that the sensory illusion is somehow recruiting the motor system.

Figure [3](#F3){ref-type="fig"}A shows the plot of all *y~t~*/*x* by *q*~mean~, for *t *= 6 s, which is the time by which the arm had fully rotated to its new position before rotating back. In Figure [3](#F3){ref-type="fig"}B the same data is shown with all values with *y~t~* = 0 eliminated, in case these were thought to be biasing the result, and on a log scale for the vertical axis. In each case it can be seen that there is a strong relationship between the two variables.

![**Relationship between EMG activity and subjective illusion ratings**. Scatterplot of *y~t~*/*x* and log(*y~t~*/*x*) on the mean of questions Q1--Q3 (*q*~mean~), for *t* = 6. *y~t~* is the number of activity onsets during the first *t* = 6 s that the virtual arm was rotating, *x* is the number of activity onsets in the 100 s prior to the virtual arm rotating. ***(A)*** *y~t~*/*x* by *q*~mean~ over all observations, ***(B)*** log(*y~t~*/*x*) by *q*~mean~ for observations with *y~t~* \> 0.](fnhum-02-006-g003){#F3}

In Table [2](#T2){ref-type="table"} we show the results for all *t* between 2 and 6 s for synchronous and asynchronous conditions. It can be seen that between 4 and 6 s after the arm started moving there is a significant positive association between the number of onsets and the strength of subjective illusion in the synchronous but not in the asynchronous condition (after accounting for the baseline values, *x*). The table also shows the correlation coefficients between log(*y~t~*/*x*) and *q*~mean~, for entries with *y~t~* \> 0, to take account of the possibility that the zero entries for *y~t~* might have biased the results of the regression analysis.

###### 

**Significance levels and correlation coefficients for the regression coefficient of the log-linear regression Eq.** **([1](#E1){ref-type="disp-formula"})**.

      Synchronous   Asynchronous                                                    
  --- ------------- -------------- ------ ------- ---- ----- ------- ------ ------- ----
  2   1.2           0.084          0.54   0.209    7   0.0   0.980   0.00   0.993   17
  3   1.0           0.048          0.61   0.107    8   0.1   0.778   0.01   0.974   17
  4   1.2           0.021          0.69   0.039    9   0.1   0.760   0.06   0.829   17
  5   1.1           0.015          0.71   0.022   10   0.0   0.945   0.02   0.933   17
  6   1.1           0.011          0.77   0.010   10   0.0   0.904   0.03   0.902   17

*t is the number of seconds after the virtual arm started rotating*, β~1~ *is the coefficient in Eq. ([1](#E1){ref-type="disp-formula"}) and P(*β~1~*) is the corresponding significance level, r is the normal correlation coefficient between log(y~t~/x) and q~mean~, for entries with y~t~ *\>* 0, P is the significance level for r, n is the number of entries on which r is based (all those for which y~t~ *\>* 0)*.

If we carry out an analysis using the mean of the questions that are not supposed to indicate the illusion (Q4--Q9) then we find nothing to be significant. For example, for the synchronous condition the minimum *P*(β1) corresponding to Table [2](#T2){ref-type="table"} is 0.50 and the minimum *P* is 0.26. The same is true for the asynchronous condition \[minimum *P*(β1) and *P* are 0.55 and 0.56 respectively\].

Discussion {#s2}
==========

Main findings
-------------

The experiment reported here demonstrates that the 'rubber hand illusion' can be replicated with an entirely virtual three-dimensional arm and hand -- not only is the arm virtual, but the ball that is seen to strike it is virtual too. The results are comparable with the original Botvinick and Cohen experiment with respect to the subjective reporting of the illusion and with respect to the proprioceptive drift, with both these measures being greater in the synchronous condition than in the asynchronous condition. Second, we found a positive correlation between the reported subjective strength of the illusion and the number of EMG activity onsets while the virtual arm was rotating. These results did not occur for the asynchronous condition. Moreover there was no association between the non-illusion questions and this EMG measure in any condition. Although we did not find a greater mean number of EMG onset activity while the arm was moving compared to when it was not moving, we would emphasise that the EMG results are indicative of a possible relationship and further experimentation is required.

Questionnaire issues
--------------------

The results are tempered by two issues: the first is that the questionnaire scores for some of the non-illusion questions are significantly greater for the synchronous condition than for the asynchronous condition (Table [1](#T1){ref-type="table"}). *A priori* there is no reason why participants who felt the illusion of ownership to some extent might not also give relatively high scores to these questions: a confusion about the location of the felt touch (Q5), that their arm was virtual (indeed it would be so!) (Q6) and a feeling of change of appearance of the virtual arm to become like their own arm (Q8). This is partly also a problem of the use of questionnaires in general to elicit such subjective phenomena. It has been shown for example that it is quite easy to obtain seemingly meaningful questionnaire responses based on an entirely invented feeling simply by asking questions about it (Slater, [@B16]), so that over-reliance on questionnaires is methodologically dubious. It should be noted also in this context that the pattern of responses to the questions in the synchronous condition in terms of location and dispersion is almost identical to that in Botvinick and Cohen ([@B2]), though we do not have information from that experiment about a question-by-question comparison of the synchronous and control conditions.

In fact for the synchronous condition the means of the illusion questions and non-illusion questions are correlated (*r* = 0.52, *P* = 0.02), and similarly for the asynchronous condition (*r* = 0.77, *P* = 0.0001). This strongly illustrates that participant\'s responses to the illusion are captured by their responses to the *entire questionnaire* rather than simply to the designated three questions, and that further reliance on this particular questionnaire alone would be not be appropriate. The more important finding in the present study is the significant difference in scores between the synchronous and asynchronous conditions on questions 1--3.

Proprioceptive drift issues
---------------------------

The significant shift in the felt location of the right arm towards the virtual arm (proprioceptive drift) after a period of synchronous stimulation was an important objective measure of the illusion, a drift that did not occur in the case of asynchronous stimulation. In both cases the original piece of blue-tack placed before the experiment remained in position, so it is possible that participants could search to find that piece and then choose their second position based on this. However, this does not reduce the validity of the results for three reasons. First, participants were asked to quickly place the piece of blue-tack so that there would not be time to find the original piece. Second, if anything, this would introduce a bias that would tend to reduce the amount of drift -- through participants placing the second piece next to where they might have felt the first piece. Third, in any case the conditions were the same for both the synchronous and asynchronous groups, and yet the results are significantly different.

One further point with respect to drift is that in rubber arm illusion experiments the drift is determined immediately after the completion of the tapping and stroking. In our case there was a gap of 12 s while the arm rotated before the instruction was given to place the second piece of blue-tack. This gap should, if it has any effect at all, diminish the effect of the synchronous tapping, reducing the chance of observing proprioceptive drift.

Pilot experiments
-----------------

It should be noted that the particular setup that we used was arrived at after pilot studies with about 30 participants using different configurations that either did not result in the illusion, or in which the illusion was reported to a much lesser extent. For example, when the participants would be seated the projection of the virtual arm would be cut off at the lower boundary of the display with our particular virtual reality system, so that the stereo projection would not reach all the way to the shoulder of the participant -- hence it would look as if there would be a gap between the start of the virtual arm and real shoulder. In this condition the illusion did not occur. Second, in another condition we had the participants standing with their arm hanging loosely at the side and the virtual arm pointing out to the front. This again did not result in an experience of the illusion for most participants, but there was a marked degree of reporting of the sensation of tiredness in the right arm after the experiment (even though their real right arm had actually been hanging at the side). This also supports the earlier reported results that the rubber and real hand should be similarly oriented (Ehrsson et al., [@B8]; Tsakiris and Haggard, [@B17]). Also good registration between the position where the hand was tapped and stroked and the corresponding visual appearance of this with the virtual hand and ball was essential -- if the hand appeared to be tapped in one place, but the visual appearance showed the ball to be tapping the virtual hand in another place, then the illusion did not work. Similarly, the coordinates of the virtual ball touching the virtual hand had to be adjusted finely such that the ball would not 'sink' deep into the hand, which would as well disrupt the illusion.

Body illusions with virtual reality
-----------------------------------

There have been several studies that have used something akin to virtual reality demonstrating the rubber hand illusion. Ijsselsteijn et al. ([@B10]) used a video projection of a hand on a table top, though the strength of the illusion was significantly lower compared to the use of a physical rubber arm, as was the case for the proprioceptive drift. For example, Figure [2](#F2){ref-type="fig"} of that paper shows that the mean scores for Q1--Q3 in their video projection condition to be lower than for their physical rubber arm condition. In (Durgin et al., [@B5]) it was shown that a version of the illusion can also be invoked by stroking a fake hand with a bright beam of light. Here subjects reported feeling tactile and thermal sensations associated with the light, and also ownership towards the fake hand comparable to the rubber hand illusion.

Beyond the projection of just an arm other recent studies have shown that people can recognize a mannequin as themselves (Lenggenhager et al., [@B11]) when looking at it through head-mounted displays connected to video-cameras. Similarly, people can be made to feel an illusion of being in different place from their seen physical body and lose the sense of ownership of it using a similar video-based technique (Ehrsson, [@B6]).

The present experiment is different because it demonstrates the feasibility of inducing a feeling of ownership of simulated body parts in a virtual environment, rather than people looking at part or all of their real selves, or other physical objects, whether using a projector or a head-mounted display with a mounted video camera. Thus unlike the previous experiments when real world objects in physical reality become part of the body, the present experiment shows that a simulated object can be fully incorporated into the body representation and become part of the participant. This phenomenon opens the doors to experiments in virtual reality that are impractical or impossible in the physical world, including real-time modifications of the virtual limb (length, size, appearance) and complex motions.

Conclusions
===========

Virtual reality offers the possibility for a highly flexible approach to the problem of body image and self representation, and the conditions under which it can be transformed. Here we have exploited one of the possibilities opened up through the use of virtual reality, for example, the movement of the virtual arm, something that would be difficult to achieve systematically with the conventional rubber arm. The effect of this virtual movement on the behaviour (eventual movement of the real arm) or physiological measures (EMG) of the participant allows a wider objective evaluation of the illusion. This experiment is a first step in a set of studies that now intend to exploit its power in investigation of this phenomenon.

For the future our work also suggests that people can have their 'self' enter the virtual domain in a genuine sense of the word, and not just metaphorically as in current day computer games and online communities. In combination with BCI we envisage a functioning virtual body that is felt as their own by participants, with significant applications in VR training, limb prosthetics, and entertainment.
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The Supplementary Material for this article can be found online at <http://www.frontiersin.org/humanneuroscience/paper/10.3389/neuro.09/006.2008/>.
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